In mountainous areas, landslides regulate temporal variations in sediment production and may suppress simple linkages between topographic development and tectonic forcing. Rates and mechanisms of mass wasting depend on lithology, bedrock structure, and climatic and tectonic setting. These factors tend to vary signifi cantly in active tectonic regions, thus clouding our ability to predict how landsliding modulates topographic development over human and geological time scales.
Here, we use a novel DEM-based technique to document the distribution of large landslides in the Oregon Coast Range (OCR) and quantify how they affect topographic relief. We developed an automated algorithm that exploits the distinctive topographic signature (specifi cally the relationship between curvature and gradient) of large landslides to map their distribution within the gently folded Tyee Formation (Eocene deltaic-submarine ramp sediments). In contrast to steep and highly dissected terrain frequently identifi ed as characteristic of the OCR (which exhibits steep, planar side slopes and highly curved, low-gradient ridge tops and valleys), terrain prone to large landslides tends to have low values of both drainage density and curvature and gradient values that cluster between 0.16 and 0.44. The distribution of failure-dominated terrain in our 10,000 km 2 study area is infl uenced by systematic variations in sedimentary facies and bedrock structure. The fraction of terrain altered by large landslides (>0.1 km 2 ) varies from 5% in the sand-rich (delta-slope and proximal ramp facies) southern section of our study area to ~25% in the north (distal ramp facies), coincident with an increase in the thickness of siltstone beds and a decrease in the sandstone:siltstone ratio. Local relief declines progressively northward, suggesting that deep-seated landsliding is sensitive to the thickness and frequency of low-shear-strength siltstone beds and may serve to limit topographic development in the OCR. Structural controls are superimposed on facies-related variations as deep-seated landslides are frequently found on slopes whose downslope aspect corresponds to the bedrock dip direction. For 1516 strike and dip measurements in our study area, we calculated the fraction of proximal terrain (<2.5 km) altered by deep-seated landsliding. In the sand-rich southern region, the proportion of proximal slide-dominated terrain increases modestly with bedrock dip. In the silt-rich northern region, terrain altered by deep-seated landsliding is pervasive, and an increase in dip from 0° to 16° corresponds to a change in the fraction of slide-prone terrain from 10% to 28%.
Our technique for mapping large landslides has utility for hazard analysis and land management. Over million-year time scales, the progradational character of the Tyee Formation suggests that continued uplift and exhumation of the OCR should result in a southward propagation of slide-prone, silt-rich distal facies. As a result, deep-seated landsliding will become increasingly prominent, and topographic relief in the central and southern OCR will progressively decline. Whereas spatial variability in climatic or tectonic forcing is often invoked to explain systematic variations in topographic development, our results emphasize the importance of structural and intraformation lithologic controls on landsliding. As such, analyses
INTRODUCTION
The morphology of mountainous terrain refl ects the complex interplay of tectonic, climatic, and erosional processes. Given that most mountainous landscapes are characterized by signifi cant variations in lithology, climate, rock uplift rate, and surfi cial processes, earth scientists face a daunting task in isolating how these factors affect landscape properties such as relief and average gradient. Since the pioneering work of Ahnert (1970) , relief has been used as a proxy for tectonic forcing, and with the advent of digital elevation modeling, it can be easily assessed over broad areas (e.g., Ahnert, 1984; Pinet and Souriau, 1988; Ohmori, 1993; Summerfi eld and Nulton, 1994; Hurtrez et al., 1999; Montgomery et al., 2001; Willett et al., 2001; Gabet et al., 2004) . The hypothesis that climate-driven shifts in rates and mechanisms of valley incision can increase relief (Molnar and England, 1990; Zhang et al., 2001 ) highlights the importance of understanding how relief is regulated through feedbacks between erosional processes and tectonic forcing. Although it was originally hypothesized that relief primarily refl ects the interaction between rock uplift and valley-forming fl uvial processes or glacial incision (Ahnert, 1970; Whipple et al., 1999; Brocklehurst and Whipple, 2002; Hooke, 2003; Roe et al., 2003) , many studies suggest that relief may be limited by mass wasting processes (Carson and Petley, 1970; Schmidt and Montgomery, 1995; Kuhni and Pfi ffner, 2001; Roering et al., 2001; Montgomery and Brandon, 2002; Lague and Davy, 2003; Stock and Dietrich, 2003) , such that tectonic forcing and relief may be effectively decoupled. The notion that bedrock landsliding, in particular, can fundamentally alter landscape characteristics at the orogen scale by truncating hilltops, inhibiting valley incision, or manipulating drainage divides is intuitively appealing, although diffi cult to demonstrate. The nature of mass wasting processes varies signifi cantly among landscapes, and such variation likely precludes a global relationship that governs relief-limiting conditions.
The occurrence and activity of deep-seated landslides (defi ned here as bedrock landslides that have a surface area >0.1 km 2 , incorporate predominantly parent material in the slide mass, and do not run out long distances) refl ect a variety of environmental and geologic factors (e.g., Schuster, 1978; Palmquist and Bible, 1980; Miller and Sias, 1998) . In general, deep-seated landslides result from a combination of long-term factors that condition slopes for failure (such as channel incision, slope morphology, geologic structure, shear strength loss due to weathering, and lithologic variation) and short-term processes that tend to trigger instability (such as hydrologic and seismic events). Whereas large landslides have been shown to respond to mining and dam building (e.g., Voight, 1978) , their sensitivity to timber harvesting, road building, and changes in surface hydrology are currently debated (de la Fuente et al., 2002; Gerstel and Badger, 2002) . Owing to their substantial volume, deep-seated landslides have a long-lived morphologic legacy (e.g., Wieczorek, 1984; Densmore et al., 1998; Hovius et al., 1998; Densmore and Hovius, 2000; Mather et al., 2003) . As a result, the observed distribution of bedrock landslides across a particular landscape refl ects both spatial variability in conditions that contribute to slope instability and variation in the time since slope failure occurred. Although several studies have characterized landslides in relation to a particular tectonic and climatic setting (Hermanns and Strecker, 1999; Trauth and Strecker, 1999; Hermanns et al., 2000; Pratt et al., 2002; Gabet et al., 2004) , most fi eld-based analyses that decipher spatial and temporal patterns of bedrock landsliding are limited in scope because methods available to identify slope instability (including aerial photo mapping and remote sensing analyses) are laborious and subjective (van Asch and van Steijn, 1991; Cendrero and Dramis, 1993; Hovius et al., 1997; Larsen and Torres-Sanchez, 1998; Shroder, 1998; Dikau and Schrott, 1999; Gonzalez-Diez et al., 1999) . Recent statistical analyses have successfully quantifi ed the size distributions of landslides for determining the geomorphic signifi cance of landslide size classes and assessing hazards (e.g., Harp and Jibson, 1996; Hovius et al., 2000; Stark and Hovius, 2001; Malamud et al., 2004) ; however, such approaches do not address how landslides are distributed in relation to other landscape characteristics. As a result, we lack the ability to decipher how large landslides respond to tectonic and climatic forcing and regulate topographic development.
Over the last several decades, the Oregon Coast Range (OCR) has proven to be a fruitful study area for analyzing sediment production and transport processes because rates of erosion and tectonic forcing are relatively well constrained and the region did not experience Pleistocene glaciation (Reneau and Dietrich, 1991; Personius, 1995; Kelsey et al., 1996; Roering et al., 1999; Heimsath et al., 2001 ). Although most mass wasting studies in the OCR have focused on quantifying shallow landsliding and debris fl ow erosion and their effect on landscape function over human and geologic time scales (Dietrich and Dunne, 1978; Benda, 1990; Reneau and Dietrich, 1990; Montgomery et al., 2000; Schmidt et al., 2001; May, 2002; Lancaster and Hayes, 2003; May and Gresswell, 2003; Stock and Dietrich, 2003) , numerous landslide-dam lakes in the OCR suggest that deep-seated landslides may also play a role in shaping the region (Baldwin, 1958; Lane, 1987) . The low-gradient, benchlike morphology of these large, bedrock landslides is distinctive from the steep and dissected nature of debris-fl ow-prone terrain that is often cited as characteristic of the OCR. Few of these deep-seated slides have exhibited historical activity, as most are characterized by degraded headscarps and poorly defi ned margins. The timing of these slope failures is poorly constrained, but the large extents (~2-4 km) of alluvial fi lls upstream of several landslide-dam lakes (Baldwin, 1958) suggest that such failures may have a signifi cant and persistent infl uence on landscape morphology and temporal patterns in sediment yield.
In this contribution, we describe a novel methodology for delineating the spatial distribution of deep-seated landslides that enables us to document and predict their role in the evolution of the OCR. The goals of this study are to: (1) formulate and test an automated algorithm that uses digital topographic data to identify the extent of terrain affected by deep-seated landsliding, (2) illustrate and quantify how geological structure and lithology control the spatial distribution of slope instability, and (3) use geologic constraints to interpret and predict how large landslides evolve in response to rock uplift and affect topographic relief over million-year time scales. Our approach contrasts with sitespecifi c slope stability analyses in that the details of individual landslides are jettisoned in favor of a coarse regional assessment of landslide frequency. Our current understanding of how rock uplift modulates topographic form and relief in the OCR has been focused on quantifying the relative effi cacy of fl uvial and debris fl ow incision via analysis of channel networks (Seidl and Dietrich, 1992; Sklar and Dietrich, 1999; Stock and Dietrich, 2003) . The presence of large landslides in this area, however, motivates us to ask several questions. Is it possible that deepseated landsliding imparts a fi rst-order control on landscape development, locally obscuring simple relationships that link tectonic forcing with channel network metrics? If so, how will lithologic and structural variations dictate the spatial pattern of large landslides and local relief with continued rock exhumation? The analysis described here emphasizes the importance of coupling sedimentology, stratigraphy, bedrock structure, neotectonic, and climatic data sets to quantify how surface processes modulate landscape evolution.
STUDY AREA
The Oregon Coast Range is a humid, soilmantled landscape largely composed of Eocene sedimentary rocks that overlie volcanic basement accreted to the North American plate in the early Tertiary (Orr et al., 1992) . Locally, basaltic dikes crop out within the Tyee Formation and tend to form prominent peaks (Walker and MacLeod, 1991) . We developed our algorithm to identify deep-seated landslides occurring in Eocene sedimentary rocks, specifi cally the Tyee Formation, which is a sand-rich, delta-fed turbidite system (Heller and Dickinson, 1985) that covers a large portion of the central OCR (Fig. 1) . The depositional setting of the Tyee Formation has been studied in detail because of its distinct assemblage of sedimentary facies (Lovell, 1969; Chan and Dott, 1983; Heller and Dickinson, 1985) . Heller and Dickinson (1985) suggested that a sand-rich sequence of turbidite deposits that constitutes much of the Tyee Formation originated from a delta-fed submarine ramp depositional system. Sedimentologic properties within the early Eocene sedimentary system vary primarily with latitude, as the underlying crustal block has been rotated clockwise 40°-70° due to oblique subduction along the Pacifi c Northwest margin of North America (Heller and Ryberg, 1983) . In contrast to more classical interpretations of submarine canyon systems (Mutti and Ricci-Lucchi, 1978) , no single channel served as a discrete point source for the turbidite beds of the Tyee Formation. Instead, a series of channels developed along the base of the continental slope and conveyed sediment into the basin, such that lateral (eastwest) facies variability within the Tyee Formation is minimal (Heller and Dickinson, 1985) . North-south-oriented facies changes, which are characterized by depositional structures, bed thickness, and the sandstone:siltstone ratio, are the dominant source of lithologic variation within the Tyee Formation (Chan and Dott, 1986) . In the south, deltaic and shallow continental shelf deposits have a high percentage of sandstone (>90%), cross-bedding, and thick (>3 m) beds. Moving north, bed thickness and the sandstone:siltstone ratio decrease as slope and proximal ramp sediments grade into distal ramp and ramp fringe sediments (Chan and Dott, 1983; Heller and Dickinson, 1985) . The stratigraphic succession described by Chan and Dott (1983) indicates a general shoaling in the northward direction and a progradation of facies across the basin. Situated in the southern half of our study area, a large patch of highly indurated, late Eocene sediments of the Elkton Formation (which are younger than the Tyee Formation) occurs and tends to form steep bedrock cliffs that contrast with topography associated with the Tyee Formation ( Fig. 2A) . By confi ning our analyses to the Tyee Formation, we isolate the infl uence of bedrock structure and facies-related lithologic variations on deep-seated landsliding and topographic development.
Since the late Eocene, the Tyee Formation has been compressed into a series of low-amplitude, gently dipping folds (the maximum dip of bedding along the fl anks of folds rarely exceeds 15°-20°) oriented NNE ( Fig. 2A) (Baldwin, 1956) . Uplift of the OCR commenced in the Miocene (McNeill et al., 2000) and continues today as evidenced by abandoned wave-cut platforms along the Oregon coast (Kelsey et al., 1996) . Rates of rock uplift derived via dating of marine terraces adjacent to our study area (latitude ranging from 43°-45°) vary from 0.1-0.3 mm yr -1 (Kelsey et al., 1996) and are generally an order of magnitude lower than geodetic uplift rates derived from highway leveling and tide gauge data (Mitchell et al., 1994) . Both short-and long-term uplift rates measured along the coast vary locally due to vertical movement along faults, although it is unclear whether these local variations extend a signifi cant distance inland (Kelsey et al., 1996) .
The topography of the OCR has been characterized as steep and highly dissected with relatively uniform ridge and valley terrain (Fig. 3A) (Dietrich and Dunne, 1978; Dietrich, 1990, 1991; Montgomery, 2001) . Typically, soil (defi ned here as the mobile layer overlying weathered bedrock or saprolite) is relatively thin (~0.5 m) on hilltops and side slopes and thicker (~1-2 m) in unchanneled valleys that act as preferential source areas for shallow landslides that often initiate debris fl ows (Dietrich and Dunne, 1978; Montgomery and Dietrich, 1994; Heimsath et al., 2001) . Most studies of decadal-to-millenial scale patterns of sediment production and delivery in the OCR have focused on the cyclic infi lling and evacuation of soil in steep, convergent areas (Dietrich et al., 1982; Reneau and Dietrich, 1991; Benda and Dunne, 1997) . Erosion rates generated by short-term (~10 yr) and long-term (~5000 yr) analyses of sediment yield are commonly 0.05-0.3 mm yr -1 (Beschta, 1978; Reneau and Dietrich, 1991; Heimsath et al., 2001 ), consistent with rates of coastal uplift (Kelsey et al., 1996) and Holocene bedrock channel incision (Personius, 1995) . These studies have been used to argue that an approximate balance exists between rock uplift and erosion in the OCR such that the topographic form may be relatively uniform with time (Reneau and Dietrich, 1991; Roering et al., 1999; Montgomery, 2001 ). Short, steep hillslopes that erode via nonlinear slope-dependent processes can rapidly (~40 k.y.) adjust their morphology to climatic or tectonic perturbations , enabling a tendency toward steady-state erosion. In contrast, deep-seated landslides produce topographic features that persist for 10-100 k.y., and temporal patterns of sediment production associated with these large failures are unconstrained.
PREVIOUS STUDIES OF DEEP-SEATED LANDSLIDING IN THE OREGON COAST RANGE
Noting the preponderance of landslide-dam lakes (Table 1) , Baldwin (1958) suggested that steep, incised valleys of the OCR tend to promote large-scale (10 5 -10 9 m 3 ) slope failures resulting from precipitation or seismic events. Landslides documented by Baldwin (1958) exhibited hummocky topography with small, undrained depressions (Fig. 3B ). Chronological evidence for the timing of landsliding is sparse. Based on radiocarbon data, the ages of two large lakes, Triangle and Loon, were estimated at >40,000 and 1400 yr, respectively (Baldwin, 1958; Worona and Whitlock, 1995) . Only a handful of these landslides have experienced historical movement, although the degree of slope movement and morphologic alteration is variable. In the winter of 1955 -1956 Creek (just north of the Umpqua River near the northern extent of the Elkton Formation, Fig. 2 ) was dammed by an active landslide and formed a temporary lake that breached within the year (Baldwin, 1958) . On December 6, 1975, an ~400-m-long segment of Drift Creek (located in the Alsea River catchment) was inundated with landslide material tens of meters thick. The landslide formed an ~60-m-high headscarp near the ridge top and traveled ~400 m downslope (Thrall et al., 1980) . This event, termed the Drift Creek slide, reactivated a fossil landslide deposit following a week of heavy rain. Ayers Lake formed rapidly behind the landslide dam and persists today. Timber harvesting and road construction were active on the slope in the months prior to failure, but their impact on the instability is uncertain. In the winter of 1998-1999, Steinhauer Creek (a tributary 
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of Siuslaw River) was inundated by sediment from a deep-seated landslide that left a 30-mhigh headscarp. Slow, continuous deformation continued through the season and in subsequent winters (Seward, 1998, personal commun.) . Other historical landslides have exhibited brief periods of slow movement (<1 m yr -1
) that followed periods of heavy rainfall but did not fail catastrophically (Wong, 1991) . Lane (1987) noted a correspondence between the downslope aspect of four lake-forming landslides and the dip direction of the local bedrock and suggested that the slide failures may be localized along the sandstone-siltstone interfaces of the Tyee Formation (Fig. 4) . Despite the historical activity of the slides discussed above, most of the slumplike terrain in the OCR (as described by Baldwin, 1958) appears dormant. In contrast to steep and dissected regions, soil profi les observed in roadcuts on these ancient landslides tend to be very thick (>2-3 m), dense, and highly weathered (Roering et al., 1996) . Areas of pervasive deep-seated landsliding in the OCR may represent a signifi cant departure from erosional equilibrium relative to the time scale of soil transport and shallow landsliding (~10 4 yr) that dictates the evolution of steep and dissected terrain in the OCR. More generally, the role of deep-seated landsliding in regulating sediment production and landscape morphology is poorly understood.
TOPOGRAPHIC IDENTIFICATION AND MAPPING OF DEEP-SEATED LANDSLIDES
Here, we exploit the profound morphologic manifestation of deep-seated landslides in the OCR to automatically map their extent using a digital elevation model (DEM). Figure 5 illustrates an east-west-trending ridge line with characteristic forms on either side; the north-facing fl ank of the ridge is distinguished by steep and dissected terrain, whereas the southern fl ank exhibits a benchlike, low-gradient form. On the northern side, the integrated valley network facilitates the delivery of sediment from hillslopes and topographic hollows to higher-order channels via debris fl ows (Dietrich and Dunne, 1978; Benda and Dunne, 1997) . In contrast, the poorly dissected slopes on the southern side arise from deep-seated slope instability that occurs frequently enough to suppress the development of valley networks (Fig. 5) . No historical deformation has occurred at this site, but degraded headscarps similar to those shown in Figure 3B attest to the history of slope deformation. Along the base of the ancient landslide, valley incision has steepened slopes at the channel margin. Similarly steep sections were commonly observed during our fi eld investigations of over 40 ancient deep-seated landslides in the OCR. Typically, dormant landslides exhibit: (1) >10-m-high, degraded headscarps, (2) low-gradient, hummocky benches with poorly developed drainage, and (3) steep lower slopes with active streamside soil slips. At some sites, the steep, lower slope segment, which may refl ect the legacy of valley incision (Kelsey, 1988; Densmore and Hovius, 2000) , was poorly developed or absent.
Method
The topographic signature of deep-seated slope failure is immediately apparent via inspection of aerial photos and topographic maps. To streamline the mapping process, we formulated a quantitative method for delineating landslidedominated terrain from DEM data. For this endeavor, we acquired a DEM of the Oregon Coast Range from the USGS National Elevation Data set (NED), which has a grid spacing A of ~26.5 m and boasts minimal edge matching and other artifacts. We compared the data against available 10 m DEMs and concluded that the 26.5 m data set was suffi cient for distinguishing the topographic signature of deep-seated landsliding and allowed for faster computational time. Using a digital database derived from the Oregon State geological map (Walker and MacLeod, 1991) , we clipped topography from the DEM with a digital coverage outlining the extent of the Tyee Formation (see Fig. 2A ). Small voids in the clipped topography (shown with the letter "I" superimposed) represent igneous intrusive rocks that are more resistant to erosion than the Tyee Formation and tend to be associated with large knickpoints in river profi les.
We used topographic maps, aerial photos, and fi eld observations to identify and map several ridges that exhibit both steep and dissected terrain and deep-seated landslide-prone terrain (see Fig. 5 ). Reasoning that the morphologic differences that distinguish the two process domains may be refl ected by their slope and degree of curvature, we calculated the distribution of topographic derivatives gradient (|∇z|) and curvature (estimated here as the Laplacian operator, ∇ 2 z) for both sides of each ridge using algorithms summarized by Zevenbergen and Thorne (1987) and Moore et al. (1991) . Positive values of curvature refl ect concave terrain such as that associated with unchanneled valleys or hollows, whereas negative values represent convex forms such as hilltops. We plotted the variation of curvature with gradient for steep and dissected terrain, deep-seated landslide terrain, and nearby valley fl oors (two examples are shown in Fig. 6 ). With minimal overlap, each landform type exhibits its own morphologic signature in gradient-curvature space. We defi ned the range of gradient and curvature values that best distinguishes the cluster of points associated with deep-seated landslides. For various combinations of gradient and curvature values, we calculated the fraction of deep-seated, valley fl oor, and steep/dissected data that fall within the topographic envelope. To determine the best-fi t envelope, we simultaneously maximized the fraction of deep-seated data and minimized the fraction of valley fl oor and steep/dissected data that plot within the topographic envelope. The calibrated morphologic envelope indicates that deep-seated landslides (fi lled circles on Fig. 6 Fig. 6 ). In contrast, planar regions of the steep and dissected terrain tend to be associated with steep sideslopes (|∇z| >0.5) and low-gradient regions (hilltops or narrow valley axes with |∇z| <0.4) exhibit highly negative or positive values of ∇ 2 z. Wide valley fl oors were distinguished by near-zero curvature values and gradients uniformly lower than those observed on slide-prone terrain (Fig. 6 ). For the data sets depicted in Figure 6A and 6B, more than 92% of the deep-seated landslide data fall within our topographic envelope, whereas less than 8% and 4% of the valley fl oor and steep/dissected data points, respectively, plot within the envelope.
We used spatial averaging in applying the topographic signature of deep-seated landslides to the DEM of our study area. First, we identifi ed every grid node within the DEM having gradient and curvature values that fall within our deep-seated morphologic criteria. The resulting binary grid (values of either 0 or 1, with 1 indicating inclusion in the deep-seated topographic envelope) revealed a speckled pattern in some landslide-dominated areas, as localized zones within individual deep-seated landslides did not fall within the topographic envelope. To account for the spatial scale of individual landslides and de-emphasize local deviations from the morphologic criteria, we smoothed the grid of binary data at each node by calculating the proportion of adjacent terrain that met the topographic criteria. Specifi cally, we generated another grid whose values were calculated as the fraction of points within a 250 m radius that fell within the deepseated landslide topographic envelope. Values for the resulting data set, which we term β values, vary continuously from 0 to 1.0, with 0 representing terrain without adjacent landslide-dominated slopes and 1.0 indicating that all of the adjacent terrain exhibits morphology indicative of deepseated landsliding. For this analysis, we chose a 250 m smoothing radius because it represents the approximate planform dimension of several deep-seated landslides we identifi ed from fi eld surveys and air photo inspection. Larger radii tend to diffuse the signal of individual landslides and smaller radii tend to partition individual landslides into several sections.
Results
Using our automated algorithm, we estimated the distribution of topography indicative of deep-seated slope failure in the Tyee Formation (Fig. 2B) . In Figures 2B and 7 Large lake with upstream alluviated valley greater than 4 km in length (Baldwin, 1958; Thrall et al., 1980; Lane, 1987) . are represented with warm colors (yellow, orange, and red) and low values with cool colors (green and light blue). To calibrate the particular value of β that corresponds with the margin of landslide-prone slopes, we examined the distribution of β values at numerous locations where we previously identifi ed deep-seated landslides via aerial photos, fi eld observations, and topographic maps. At these sites, β >0.33 served as an accurate criterion for delineating the boundaries of deep-seated landslides. Strictly interpreted, this indicates that for a given grid point with β = 0.33, 33% of the surrounding patch of terrain has values of gradient and curvature that meet the topographic criteria (Fig. 6) . The coarse dashed line on Figure 5 illustrates the region within which values of β exceed 0.33. Although some details (such as steep, inner gorges associated with slope failure along channel margins), may not be precisely resolved, the β >0.33 boundary generally corresponds to the zone of landslidedominated topography (Fig. 5) .
β values in the Tyee Formation vary latitudinally (Fig. 2B ). In the southern portion of our study area, β values are generally low but locally variable. Moving north, β values increase progressively such that a large fraction of slopes in the northern portion of our study area exhibits β >0.33 (shown as red in Fig. 2B) . Several large zones of high β values also occur along the eastern margin of the Tyee Formation. The central and southwestern regions exhibit low β values as slope morphology is dominated by steep and dissected terrain driven by debris fl ow initiation and runout.
The spatial extent of our study area (~10,000 km 2 ) prevented us from verifying a signifi cant portion of the slopes we identifi ed as failure prone. Using fi eld observations, aerial photos, topographic maps, and maps of landslidedam lakes, we tested the algorithm at over 40 sites and concluded that it consistently separated deepseated landslides from steep/dissected terrain and valley fl oors. Locally, the algorithm misidentifi ed fl uvial meander slip-off surfaces (i.e., the inner banks of large bedrock meanders) as slidedominated because they tend to exhibit smooth, low-gradient surfaces (Fig. 7) . These features are isolated to isolated zones along major rivers and thus constitute a negligible fraction of the landslide-prone (high β) terrain shown in Figure 2B .
LITHOLOGIC CONTROLS ON LANDSLIDING AND TOPOGRAPHIC RELIEF

Method
To explore how lithologic variations within the Tyee Formation affect the development of landslide-prone terrain, we quantifi ed how β values vary in accordance with latitudinal facies changes. As discussed above, sand-rich deltaic and proximal ramp deposits found in the southern half of the Tyee Formation grade northward into silt-rich distal and ramp fringe deposits. We quantifi ed north-south topographic variations by partitioning our grid of β v alues into a series of horizontal swaths, each measuring 12.5 km in the north-south direction and spanning the study area in the east-west direction. Within each swath, we calculated the fraction of terrain (hereafter referred to as F) exhibiting the topographic signature of deep-seated landsliding (i.e., with β >0.33). To investigate the effect of deep-seated landslides on topographic development, we calculated the distribution of local relief at two different spatial scales. For each grid node in our study area, we calculated local relief as the difference between the highest and lowest elevation values within a circular window. We performed separate analyses using a 250 m window to represent relief at the scale of individual ridges and valleys and a 2.5 km window to represent the regional distribution of relief encompassing several nearby ridge/valley sequences ).
Results
Our analysis reveals systematic latitudinal variation in deep-seated landsliding, as β values tend to be relatively low in the south and increase to the north (Fig. 8) . This pattern may refl ect facies variability within the Tyee Formation (Chan and Dott, 1983; Heller and Dickinson, 1985) . In the southern region, landslides comprise 5%-10% of the landscape, whereas for latitudes greater than 44°, the proportion of slide-prone terrain consistently exceeds 15%-20% (Fig. 8A ). This relatively discrete transition corresponds with a signifi cant change in the sandstone:siltstone ratio (from 9:1-6:4) and a shift from proximal to distal ramp facies. The overall pattern shown in Figure 8A does not result from variation in structural controls as the orientation of bedrock does not vary systematically with latitude (see below). Instead, the high proportion of slide-dominated slopes north of 44° latitude may refl ect greater availability of low-shear-strength siltstone beds, which comprise 40%-50% of the bedrock and frequently exhibit thicknesses greater than 1 m (Heller and Dickinson, 1985) . Most generally, these results indicate that landslide-dominated terrain is persistent throughout much of our OCR study area, as up to 25% of the landscape exhibits the topographic signature of deep-seated landsliding (Fig. 8A ).
Along our north-south transect, median local relief (estimated using a 2.5 km window) declines progressively (Fig. 8B) , coincident with an increase in the incidence of deep-seated landsliding. High-relief terrain in the south (~450 m) gives way to increasingly subtle landforms at the northern extent of the study area, where median relief is ~300 m and exhibits less variability. The progressive decline in relief is locally interrupted between latitudes of 44.1° and 44.5° (see vertical gray band in Fig. 8B) , where a cluster of aphanitic, mafi c-rich intrusions (see the symbols "I" in Fig. 2A ) generates anomalously high local relief. Although we removed topography associated with bedrock other than the Tyee Formation in our analyses, these highly resistant dikes appear to regulate valley incision within Tyee-underlain slopes that fl ank the intrusions. Adjacent channels are anomalously steep as they connect to headwaters atop the resistant dikes, and small-scale (and thus unmapped) features often form knickpoints and contribute to steepening of channel profi les and elevated values of local relief. Apart from this local departure, relief declines systematically to the north coincident with an increasing frequency of large landslides (Fig. 8) .
To further elucidate the infl uence of deepseated landsliding on topographic relief, we compared local relief with the fraction of proximal landslide-dominated terrain at 1200 randomly distributed points within the Tyee Formation. At each point, we calculated local relief and the fraction of surrounding terrain with β >0.33, F, using windows with radii equal to 250 m and 2.5 km. The median value of hillslope-scale local relief (250 m window) decreases progressively with F (Fig. 9A) . Hillslopes largely devoid of large landslides (F ~0) have median relief values that approach 250 m, whereas median relief for landslide-prone slopes (F >0.25) is consistently lower than 200 m. Our analysis using a 2.5 km window yields slightly different results. First, median values of relief are higher due to the larger sampling area. Second, we observed that where F <0.25, median values of local relief are ~440 m and uniformly exceed 400 m (Fig. 9B) . In contrast, where deep-seated landslides comprise more than 25% of the local terrain (F >0.25), median relief is ~340 m, does not exceed 400 m, and exhibits relatively low variability. These results indicate that regionalscale topographic development may be subdued where deep-seated slope failures have altered a suffi cient fraction of the terrain. Owing to the absence of systematic variation in additional factors that affect relief (such as rock uplift or ridge/valley spacing), these fi ndings demonstrate that local relief in the OCR is modulated by the pattern of deep-seated landsliding. 
STRUCTURAL CONTROLS ON DEEP-SEATED LANDSLIDING
Landsliding in sedimentary units is frequently controlled by bedrock orientation as depositional interfaces exhibit low shear strength that facilitates slope deformation. Considering the series of low-amplitude folds in the Tyee Formation, how does the deformation pattern infl uence the distribution of deep-seated landslides? One might expect landslide-prone terrain to be pervasive in zones with steeply dipping bedrock. Here, we combine structural data and the distribution of deep-seated slides to explore how bedrock inclination infl uences the propensity for slope failure.
Method
To test the hypothesis that bedrock structure controls the occurrence of deep-seated slides, we performed a series of analyses combining structural data and our morphology-based mapping of slide-dominated terrain (Fig. 2B) . To facilitate the analyses, we digitized 1516 strike and dip measurements from existing geologic maps that coincide with our study area (Baldwin, 1956 (Baldwin, , 1959 (Baldwin, , 1961 Wells et al., 2000) .
At several locales with high β values (>0.33), we compared the aspect of failure-dominated slopes with the dip and orientation of bedrock. We estimated the aspect of deep-seated landslides as the average downslope direction based on topographic contours (e.g., Fig. 5 ). If the orientation of Tyee bedding controls landsliding, the aspect of slide-dominated slopes should correspond with bedrock dip direction.
To determine whether the density of slideprone terrain varies systematically with bedrock inclination, we calculated the distribution of β values within 2.5 km of each strike and dip measurement. If steeper dips increase the probability of deep-seated landsliding, surrounding terrain should exhibit a high proportion of β values that exceed 0.33. We chose to use a 2.5 km window because it enabled us to sample the propensity for landsliding within several ridge/valley sequences around each structural data point. Furthermore, bedrock orientation tends to be relatively consistent over the scale of 2.5 km. Analyses using a larger spatial scale would likely be clouded by variable bedrock geometry.
For each strike and dip measurement, we estimated the fractional of adjacent terrain with β >0.33, F, and summarized the resulting data set using 1° bins of bedrock dip. Because landslide-prone terrain is ubiquitous in areas overlying silt-rich distal ramp facies (Fig. 8) , bedrock lithology may modulate structural controls on deep-seated landsliding. Specifi cally, the frequency and thickness of weak siltstone innerbeds may affect the bedrock inclination required to generate instability. To account for this possibility, we separately analyzed terrain north and south of 44° latitude, which serves as an approximate boundary between massive, sand-rich units to the south and thinly bedded silt-rich units to the north.
Results
The distribution of landslides in the Tyee Formation is consistent with bedrock orientation. On the western part of the area depicted in Figure 7 , landslides are predominantly directed to the southwest, coincident with the bedrock dip associated with the plunging anticline that trends SSE. On the eastern side of the anticline, the aspect of failure-dominated slopes is southeast, confi rming the correspondence between dip direction and landslide slope aspect (Fig. 7) . Locally, bedrock dip and the downslope aspect of slide-prone slopes exhibit similar orientations (Fig. 10) . At the Walton site, the orientation of hillslope failures mirrors bedrock dip directions, which are oriented west and southeast on either side of the plunging fold axis.
In the sand-rich (southern) and silt-rich (northern) regions of our study area, the fraction of landslide-prone terrain, F, increases proportionally with bedrock dip angle (Fig. 11) . The sensitivity of landsliding to dip angle, however, differs between the two regions. In the southern region, low dip angles are associated with predominantly steep and dissected terrain as the proportion of slide-prone terrain is less than 2% (Fig. 11A) . With increasing bedrock dip, the median value of F increases gradually such that 8%-9% of the proximal terrain exhibits the signature of deep-seated sliding where bedrock is inclined 15°-18°. Variability in the proportion of slide-prone terrain (as approximated by the interquartile range) is relatively low, suggesting that bedrock inclination may be the primary control on landsliding. Massive sandstone beds that characterize bedrock in the southern region may require signifi cant inclination before substantial portions of the terrain experience translational deformation. In contrast, our analysis in the northern region indicates that ~10% of the landscape has experienced deep-seated slope instability where the bedrock is nearly horizontal (Fig. 11B) . Furthermore, the proportion of slideprone terrain increases rapidly with dip angle such that nearly 30% of the landscape exhibits the signature of deep-seated landsliding where dip angles approach 15°. For a given dip angle, variability in the fraction of slide-altered terrain is signifi cant, refl ecting additional factors that infl uence the propensity for deep-seated landsliding. The ubiquity of thick siltstone beds in the northern region may modulate both landslide style and thresholds of slope instability. 
IMPLICATIONS FOR LANDSCAPE DEVELOPMENT
Continued rock exhumation in the OCR will result in a southward shift of sedimentary facies (Fig. 12) . Due to the progradational nature of the Tyee Formation (Heller and Dickinson, 1985) , distal and ramp fringe deposits with low sandstone:siltstone ratios will progressively crop out in the central region of our study area as erosion of the OCR proceeds. Owing to the linkage between bedrock lithology, structure, and slope instability, large slope failures will play an increasingly prominent role in shaping the central and eventually southern OCR. The time scale for this process transition can be coarsely estimated using erosion rates (~0.1 mm yr -1 ) and thickness estimates (2-3 km) of the Tyee Formation. These data indicate that it would take 20-30 m.y. to unroof the entire Tyee Formation. Considering the subsurface architecture of Tyee Formation facies (Heller and Dickinson, 1985) , one might expect the current surfi cial facies distribution to shift 20-40 km southward over 2-3 m.y. Given that uplift in the OCR has been active since the late Miocene (McNeill et al., 2000) , the northto-south replacement of steep/dissected terrain with deep-seated landslides is likely an ongoing process. This conceptual model suggests that landslide-dominated, low-relief terrain will cannibalize steep and dissected topography in the central OCR. As a result, the dominant role of debris fl ows in sculpting drainage basins will be transferred to episodic, large-magnitude mass movements that frequently dam valleys and punctuate sediment delivery (Fig. 12) . Complications to this simplifi ed model include localized aphanitic dikes that limit the incision of adjacent terrain and tend to favor the maintenance of long, high-relief slopes.
DISCUSSION
Our results indicate that deep-seated landsliding is pervasive in the OCR and will continue to play a prominent role in shaping the landscape according to systematic variations in bedrock structure and lithology. In a recent study, Montgomery (2001) focused on shallow landslide susceptibility and analyzed slope distributions across a broader expanse of the OCR than analyzed here, suggesting that systematic variations in relief and hillslope gradient primarily refl ect variation in tectonic forcing and rock type. In contrast, our analysis emphasizes the role of large, bedrock landslides in regulating topographic development of the OCR underlain by the Tyee Formation. Local relief decreases with the fraction of area altered by deep-seated landsliding and does not appear to refl ect variations in rock uplift rate (Kelsey et al., 1996) .
The topographic algorithm we employed to derive these insights is not necessarily intended for use in site-specifi c analyses of landslide potential but instead enables us to identify slopes whose morphology is indicative of deepseated landsliding. Our methodology performed well in areas where we compared model predictions with fi eld observations; however, we observed several instances where the algorithm misidentifi ed fl uvial meander slip-off surfaces as failure-prone slopes. Although this misrepresentation does not affect our conclusions about the relative importance of deep-seated landsliding because such meanders are localized and sparse in the OCR, additional morphologic criteria that account for proximity and geometry of nearby valleys are needed. Calibration of our algorithm depended on the resolution of topographic data. In particular, the grid spacing of DEMs determined the nature of the morphologic signature used to identify landforms. Interestingly, our observation that large landslides are smooth and relatively planar when compared to adjacent stable terrain may be reversed when meter-scale morphologic data are employed. In contrast to our analysis using ~26.5 m data, a recent study that used ~1 m data derived from airborne laser swath mapping (ALSM) indicates that slide-prone terrain is highly roughened and irregular compared to adjacent, unfailed slopes, and that it exhibits varying degrees of roughness depending on the time since instability (McKean and Roering, 2004) . Furthermore, the scale of our topographic data and the width of our smoothing window limited the spatial extent of landslide-dominated terrain that could be identifi ed. Although our map of β values accurately located large, ancient slide masses, it less effectively distinguished small segments of hillslopes that experienced deep-seated slide activity. During our fi eld visits, we noted numerous headscarps and benchlike landforms at the scale of ~100 × 100 m that did not consistently generate values of β >0.33. Many of these smaller landslides exhibited somewhat elevated β (0.1-0.3) values and thus were classed in the transitional category (yellow color in Fig. 2B ). In contrast to our simple, bivariate method of distinguishing deep-seated landslides, more elegant statistical methods that incorporate principal component analysis have been effectively applied toward a similar end (e.g., Howard, 1995) .
The prevalence of landslide-dam lakes in the OCR offers an additional opportunity to test our algorithm. The slopes adjacent to each of the lakes (Table 1) exhibited patches having the morphologic signature of deep-seated landsliding (β >0.33). In particular, the landslide deposit responsible for creating Triangle Lake and the upstream alluviated valley, which exceed 10 km 2 in area, has β >0.33, and the size of the feature is typical for failure-prone slopes in the OCR (~1 km 2 ). From estimates of typical landslide size and our calculations of landslide density, at least 2000 deep-seated landslides persist in the OCR.
Thick, highly weathered soils, relatively smooth headscarps, and extensive alluvial fi lls associated with landslides in the OCR suggest that these large slope failures have persisted in the landscape for long periods of time (>10 k.y.). Once initiated, deep-seated failures may episodically occur at a particular location due to the inclination of low-shear-strength siltstone beds and preferential groundwater fl ow along sedimentary interfaces. Currently, it is unclear whether slopes prone to deep-seated activity can be recolonized by the processes that shape steep and dissected terrain (i.e., fl uvial and debris fl ow incision). We observed sparse evidence of large, contiguous failure-prone slopes experiencing renewed dissection. This may indicate that deep-seated landslides remain suffi ciently active to subvert valley dissection and steepening. The conditions for valley-forming processes (such as shallow landsliding and erosion associated with overland fl ow and seepage) on the low-gradient and low-drainage area slopes of large landslides are unfavorable according to slope-drainage area channelization thresholds (Montgomery and Dietrich, 1988) . Most generally, terrain in the OCR appears to be largely bimodal, as it is characterized by steep, debris-fl ow-prone ridge and valley sequences and by gentle, benchlike deep-seated landslides.
The timing and triggering mechanisms of large slides in the Tyee Formation are uncertain. The few examples of historically active deep-seated slides have occurred on slopes whose morphology suggests previous alteration by deep-seated slope instability (Thrall et al., 1980) . In some cases, minor movement of deep-seated landslides appears to have initiated due to loading effects of road waste deposition (Seward and Blackwood, 1998) . Historical rainfall events have occasionally been suffi cient to reactivate older slides, but the relative importance of valley incision, hydrologic events, or seismic activity in initiating new failures remains to be explored. The location of the OCR above an active subduction zone suggests that infrequent, large-magnitude earthquakes (Atwater et al., 1991; Nelson et al., 1995) may have contributed to landslide initiation, but the lack of historical observations makes this hypothesis diffi cult to test. Coseismic landslides of similar scale have been documented for recent seismic events (King et al., 1987; Martinez et al., 1995; Schuster et al., 1998; Guzzetti et al., 2002; Khazai et al., 2004) . Establishment of a highresolution landslide chronology record via lake cores or internal slump ponds may reveal the synchronicity of failure events. The two available dates for the formation of landslide-dam lakes in our study area (1.4 ka for Loon Lake and >40 ka for Triangle Lake) are disparate and the degree to which deep-seated activity has persisted through the Late Quaternary evolution of the OCR remains to be shown.
The correspondence between bedrock structure, lithology, and hillslope aspect provides local control on deep-seated landsliding in the Tyee Formation and other regions (e.g., Schmidt and Montgomery, 1996; Jackson, 2002) and may drive variability in the frequency of deep-seated landslide terrain estimated around the strike and dip measurements (Fig. 11) . In the northern section of our study area, distributions of β values indicate that aspects of failure-prone slopes are locally less uniform than observed elsewhere. The high density of slide-dominated terrain in the northern section of our study area suggests that the mechanical requirement that dip slopes correspond with hillslope aspect may be relaxed. Here, the predominance of thick, low-strength siltstone beds may facilitate slope failures over a broader range of slope geometries. The style of slope failure also appears to vary across our study area as large translational slope failures dominate in the southern region, and rotational slips are more common in the northern region.
Our conceptual model that forecasts a northto-south, landslide-driven unzippering of relief in the OCR is derived through a synthesis of topographic, structural, and lithologic data. Additional factors that may affect our relief calculations include variable rates of base-level lowering and the positioning of major and minor river systems. Terrain at the southern tip of our study area exhibits high values of relief that may be affected by differential uplift rates to the south and associated drainage basin adjustment.
In many active tectonic areas underlain by fi ne-grained sedimentary bedrock (e.g., Eel
River, northern California; upper Waipaoa River, New Zealand; and the Eastern Coast Range, Taiwan), patterns of sediment production are dominated by large landslides, and local relief is low (~300-400 m) despite rapid rates of rock uplift (~1-5 mm yr -1
). In such areas, the frequency and magnitude of slope failure may be suffi cient to prevent the development of relief typically associated with high uplift regions. Although rates of tectonic forcing in the OCR are low in comparison, large landslides likely temper the coupling between tectonic forcing and local relief because they affect the entire hillslope and impose low gradients over broad areas.
CONCLUSION
In contrast to the steep and dissected, debrisfl ow-prone terrain often cited as characteristic of the Oregon Coast Range, terrain prone to deep-seated landsliding is pervasive and exhibits low-gradient, benchlike morphologies. We defi ned the topographic signature of deepseated landslides and developed an automated algorithm to map the extent of terrain altered by slope failure. The particular algorithm we employed was developed specifi cally for slopes in the OCR; however, the general approach described here may be applicable for mapping and identifying large landslides in other landscapes. The fraction of terrain affected by deep-seated landsliding varies from 5%-25% as a function of bedrock structure and lithologic variations. The frequency and thickness of lowshear-strength siltstone beds in the sand-rich deltaic-turbidite deposits of the Tyee Formation increase to the north, coincident with a systematic increase in the fraction of terrain dominated by deep-seated landsliding.
The fraction of slide-prone terrain increases proportionally with bedrock dip angle and in the northern region of our study area, where nearly 30% of the landscapes exhibit the signature of deep-seated landsliding. Local relief declines correspondingly, implying that deep-seated landsliding imparts a fi rst-order control on landscape development. Our analyses suggest that continued exhumation in the OCR will result in a southward shift of distal silt-rich facies, enabling us to generate quantitative predictions for the evolution of the OCR. The progressive emergence of the slide-prone units should drive a north-to-south decline in relief over million-year time scales. Our fi ndings are consistent with recent hypotheses that large landslides can effectively decouple relief development from tectonic 
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Distal ramp and ramp fringe forcing and emphasize the importance of considering stratigraphic and structural data when analyzing how surface processes shape mountainous landscapes. In the OCR, structural and lithologic controls are responsible for systematic variations in the distribution of landslides and imply that there is no single universal limit to topographic development. Large landslides in the OCR are pervasive and long-lived, suggesting that they may serve as important controls on the evolution and distribution of salmonids, whose biology is strongly linked with natural disturbances in the Pacifi c Northwest. Because large landslides in the region may refl ect large-magnitude earthquakes associated with the Cascadia subduction zone, the method developed here may aid in the assessment of geologic hazards and land management practices.
